Human microbiome research has garnered substantial attention, both by scientists and the media. The human microbiome refers to the collective genome of all bacteria, archaea, fungi, protists, and viruses residing in and on the human body. Made feasible by high throughput, next-generation deep sequencing of DNA, as well as expanding computational and bioinformatics support, the microbiome is a conceptual quantum leap from detection and identification of individual microbes to characterisation of entire microbial communities, including both pathogenic and commensal microbes that have not yet been cultured or otherwise detected. Differences among individuals in our co-dependent relationship with the microbiota is postulated to modulate susceptibility to many malignancies via several pathways, including nutrition, detoxification, metabolism, hormonal homeostasis, immune tolerance, and especially inflammation ([@bib34]; [@bib51]; [@bib36]). [Figure 1](#fig1){ref-type="fig"} presents a schema and analytic approaches for microbiome studies, including both shotgun metagenomics (i.e., sequencing all DNA in a sample) and simpler profiling with 16S rRNA gene amplicons of prokaryotes (i.e., bacteria and archaea). For a more comprehensive review of microbiome studies, see ([@bib27]).

The first phase of the Human Microbiome Project (HMP) helped characterise the microbiome of numerous body sites within healthy adults in the United States ([@bib37]); and the second phase, considering the impact of the microbiome on specific health conditions, is underway. Similarly, the Metagenomics of the Human Intestinal Tract (MetaHIT) was established to catalogue the human gut microbiome of Europeans and to identify associations with metabolic and inflammatory bowel diseases ([@bib32]). An altered microbiome linked to a disease has been termed dysbiosis, potentially originating with an 'alpha bug\' that exploits an ecologic niche (e.g., *porphyromonas gingivalis* and periodontal disease) which then induces both inflammation and compensatory responses in the commensal microbial community ([@bib34]). Dysbiosis-related inflammation, as well as generation of chemical carcinogens including acetaldehyde and *N*-nitroso compounds, are among several mechanisms that have been proposed through which the microbiota may have a role in carcinogenesis ([@bib34]; [@bib51]; [@bib36]).

In this short review, we will summarise published epidemiological studies of the human microbiome and the risk of specific cancers. These studies of the human microbiome and cancer generally have used three sample types: oral, faecal (as a representation of the distal gut), and tissue samples. This review will focus primarily on studies including oral or faecal samples, but there is a growing literature, particularly for colorectal cancer (CRC), with informative reports on the microbiome and the tumour microenvironment. The oral and faecal microbiomes differ greatly from each other and may represent separate roles in the carcinogenesis process. In data from the HMP, faecal samples had distinctly different dominant bacterial taxa compared with oral samples. Taxa in the phylum *Bacteroidetes* predominated in faeces, whereas taxa in the phylum *Firmicutes* predominated in saliva and oropharyngeal swabs ([@bib35]). This review will also focus exclusively on studies of bacteria and archaea, since there are few, if any, cancer epidemiology studies of other members of the microbiota, with the exception oncogenic viruses, which are outside the scope of this review.

Gastric and oesophageal cancers
===============================

Gastric cancer has been the model of bacterially associated cancer, as infection with *Helicobacter pylori* is categorised as a class I carcinogen by the International Agency for Research on Cancer ([@bib21]). Infection with *H. pylori* generates a strong host immune response, resulting in gastric inflammation, achlorhydria, and epithelial atrophy and dysplasia ([@bib5]). In prospective epidemiologic studies, *H. pylori* infection has been associated with over a two-fold increased risk of gastric cancer overall ([@bib18]). Conversely, *H. pylori* has been associated with a lower risk of oesophageal adenocarcinoma ([@bib23]), perhaps due to reduced acid reflux and epithelial damage of those tissues.

Only a few studies have looked at the community of bacteria and gastric cancer, and these studies have primary used gastric tissue ([@bib6]). For example, in a study gastric mucosal tissues from 11 cases of non-cardia gastric cancer, 10 cases of intestinal metaplasia, and 10 cases of chronic gastritis, increasing alpha diversity (i.e., number of different taxa) was observed with increasing disease severity (i.e., gastritis patients had the lowest diversity and gastric cancer cases had the highest alpha diversity) ([@bib12]). However, a comprehensive study including oral, faecal, and gastric tissue samples for microbial assessment will be important to determine the integrated effect of the human microbiome on gastric cancer risk.

Also in the stomach, some 90% of low-grade lymphomas of the mucosa-associated lymphoid tissue (MALT) appear to be driven by *H. pylori*, and remarkably, eradication of the *H. pylori* infection generally leads to regression of the lymphoma ([@bib42]). Gastric MALT lymphoma results from chromosomal translocations in B cells, perhaps due to direct effects of translocated *H. pylori* CagA protein in these cells ([@bib24]), as well as to direct and indirect immunologic responses against *H. pylori* that drive B-cell proliferation ([@bib11]). Regression of lymphoma in *H. pylori*-negative cases who are treated with antibiotics raises the possibility that other bacteria might contribute to gastric MALT lymphomas ([@bib4]). To our knowledge, there have been no epidemiologic studies of the microbial community and MALT lymphomas.

Tooth loss is associated with increased oesophageal cancer risk ([@bib1]). Most studies published thus far of the microbiome and oesophageal cancer have compared the microbiome of oesophageal tissues, and few distinguish by histology (i.e., adenocarcinoma *vs* squamous cell carcinoma) that have distinct risk profiles ([@bib44]). A study of gastric corpus tissues sampled from 19 oesophageal squamous cell carcinoma cases, 18 oesophageal squamous dysplasia cases, and 37 age- and sex-matched healthy controls in Iran did not detect overall significant alpha diversity differences between the cases and controls, but models of beta diversity (i.e., between subject community composition) detected statistically significant differences (*P*\<0.02) between matched cases and controls ([@bib31]). Another study in China evaluated the upper gastrointestinal microbiota using a microarray chip (HOMIM) and samples collected from a balloon device that obtained cells from the stomach, oesophagus, and saliva. Comparing 142 subjects with histologically diagnosed oesophageal squamous dysplasia with 191 without oesophageal squamous dysplasia, the odds of this pre-cancerous lesion was 0.74 (95% CI: 0.58, 0.95) per one s.d. increase in the number of detected bacterial genera, which suggests that increased alpha diversity is associated with decreased odds of oesophageal squamous dysplasia. Oesophageal squamous dysplasia also was associated with an altered composition (i.e., beta diversity) of the upper gastrointestinal microbial population ([@bib45]).

Hepatobiliary cancers
=====================

A recent update of evidence for the carcinogenicity of *H. pylori* provided some data that may suggest an association with hepatocellular carcinoma (HCC) and cholangiocarcinoma, but with numerous concerns about small sample sizes and differing control groups ([@bib22]). A prospective study in Finland with prediagnostic sera found that antibodies against *H. pylori*-related antigens predicted a non-significant increase in HCC (OR 1.20; 95% CI: 0.42, 3.45) and a significant increase in biliary tract cancers (OR 5.47; 95% CI: 1.17, 25.65) ([@bib28]). A meta-analysis of 10 studies found that detection of various *Helicobacter* spp. with various methods also was associated with biliary tract cancer compared with benign biliary disease (pooled OR 3.20; 95% CI: 2.15, 4.77) ([@bib50]). In addition, risk for gallbladder cancer has been linked to *Salmonella typhi* infection. In a meta-analysis of 17 studies, a pooled risk ratio (RR) of 4.28 (95% CI: 1.84, 9.96) was calculated for the association between *S. typhi* and gallbladder cancer, although only two of the included studies were from cohorts and many of the studies included the entire biliary tract ([@bib30]). Oral and faecal microbiome studies of hepatobiliary malignancies have yet to be published, and comprehensive assessment of the bile microbiome with next-generation sequencing methods has thus far been unsuccessful (unpublished observations).

Pancreatic cancer
=================

Risk of pancreatic cancer is increased for people with tooth loss or periodontal disease ([@bib25]), pointing to a possible contribution of the oral microbiome to this lethal malignancy. However, research on a direct association between the oral microbiome and pancreatic cancer risk has thus far been limited. In a small study of salivary DNA from 10 pancreatic cancer cases and 10 healthy controls, 16 (3.9%) of 410 bacterial taxa present in the HOMIM were significantly associated with case status, although only 6 out of the 16 taxa were confirmed using qPCR. In an independent validation set of saliva specimens from 28 pancreatic cancer cases and 28 healthy controls, out of the 6 confirmed taxa, only *Neisseria elongata* and *Streptococcus mitis* were validated as biomarkers for discrimination of pancreatic cancer cases from healthy controls using PCR ([@bib13]).

A seroepidemiologic case--control approach was used by investigators in the European Prospective Investigation into Cancer cohort. Using an immunoblot array, antibodies were detected and quantified against 25 oral bacterial strains in sera from 405 pancreatic cancer cases and 416 controls, matched on study centre, sex, age at blood collection, date and time of blood collection, fasting and for women, exogenous hormone use. The major finding was that the 6% of participants with a concentration greater than 200 ng ml^−1^ of antibodies against *P. gingivalis* ATCC 53978, a pathogen known to contribute to periodontal disease, had 2.14 times the risk of pancreatic cancer (95% CI: 1.05, 4.36) compared with those with undetectable or lower levels. Conversely, high antibody titres against commensal oral bacteria, which are generally considered non-pathogenic, were associated with a decreased risk of pancreatic cancer (OR 0.55; 95% CI: 0.36, 0.83) ([@bib26]). Antibody titres to oral bacteria depend on numerous individual-specific factors, such as the ability to mount an immunological response, so direct characterisation of the oral microbiota will be needed for better insight into the association with pancreatic cancer.

Lung cancer
===========

Consistent with many of the cancers noted above, periodontal disease has also been associated with lung cancer risk ([@bib25]), which suggests an association between the oral microbiome and lung cancer risk. In support of this association, links between lung infections and lung cancer have also been observed in previous studies. There is fairly strong evidence that pulmonary *Mycobacterium tuberculosis* (TB) infection is associated with risk of lung cancer, even among never smokers. In a meta-analysis of 30 studies, the pooled RR for the association between TB and lung cancer was 1.76 (95% CI: 1.49, 2.08) ([@bib7]). Similarly, pneumonia that is often caused by various non-TB bacterial and other pathogens is associated with increased risk of lung cancer. In a meta-analysis of 22 studies, the pooled RR for pneumonia and lung cancer was 1.43 (95% CI: 1.22, 1.68) ([@bib7]). Of note, however, the majority of the included studies in the meta-analysis were from case--control designs.

One small study investigated the association between lung cancer and the microbiome found in oral wash and sputum samples. The study included only eight never-smoking female lung cancer cases and eight never-smoking female controls in China ([@bib19]). From the 16S rRNA gene sequencing results, community diversity in the oral wash samples was not statistically different between cases and controls, but there was an indication that lung cancer cases had a decreased relative abundance of the phyla *Spirochaetae* and *Bacteroidetes* and an increased relative abundance of *Firmicutes* in the oral wash. Community diversity in the sputum samples was marginally lower in the lung cancer cases. Lung cancer cases had a decreased relative abundance of the phyla *Spirochaetae* and *Synergistetes* in the sputum samples.

Colorectal cancer and colorectal adenoma
========================================

Seven studies, each in a different population, have compared the faecal microbiome with CRC ([@bib2]; [@bib40]; [@bib43]; [@bib47]; [@bib48]; [@bib14]; [@bib46]). In general, community (i.e., alpha) diversity was similar or slightly reduced in cases, with the exception of one study that found higher gene and genus richness in the CRC cases ([@bib14]). In contrast, all but the smallest study ([@bib40]) reported case--control differences in the composition of the microbiome that was commonly driven by high prevalence and levels of *Fusobacterium* and *Porphyromonas*, as well as lower levels of *Ruminococcus* in faeces from CRC cases. In one study, *Fusobacterium* was detected in 31.9% of CRC cases *vs* 11.7% of controls (OR 4.11; 95% CI: 1.62, 10.47) and *Porphyromonas* was detected in 27.7% of cases *vs* 7.5% of controls (OR 5.17; 95% CI: 1.75, 15.25) ([@bib2]). These studies did not agree on the many other taxa that differed between cases and controls, perhaps because of the differences in assay methods, overall population, case--control matching, diet or medication use, tumour stage, or unrecognised confounders.

Five studies have assessed the association between the faecal microbiome and colorectal adenoma (CRA) ([@bib9]; [@bib47]; [@bib48]; [@bib14]; [@bib16]). Similar to the studies of CRC, community diversity was generally similar in faeces from CRA cases and controls, but some differences were detected for microbial composition. However, the particular taxa associated with CRA case status varied by study and were less consistent than in the CRC studies. Only single studies detected associations with *Fusobacterium* ([@bib14]) or *Porphyromonadaceae* ([@bib47]). The lack of consistent associations for CRA suggests that detection of certain bacteria in faeces might facilitate detection of CRC but not high-risk CRA. The inconsistency also suggests that aggressive periodontal pathogens may only contribute late in the neoplastic process, or that they merely exploit and replicate effectively in the malignant tissue.

Other malignancies
==================

There are indications of microbial associations with a few other cancer sites. As with cancers of the stomach, oesophagus, pancreas, and lung, cancers of the head and neck are associated with tooth loss and periodontal disease. For example, in a meta-analysis of eight studies, the pooled RR for head and neck cancer with periodontal disease was 2.63 (95% CI: 1.68, 4.14) ([@bib49]). Tobacco use and alcohol consumption are also strong risk factors for head and neck cancer ([@bib41]), and it has been suggested that microbes may mediate these relationships with head and neck cancer. For example, *Neisseria*, which frequently inhabits the oral mucosa, has been observed to have high alcohol dehydrogenase activity that converts ethanol to acetaldehyde, a carcinogen ([@bib29]). Specific studies of the oral microbiome with head and neck cancer have predominantly focused on oral cancer, and most of these studies have been tissue based or used older technology ([@bib39]).

Recent work has detected an association between the gut microbiome and breast cancer in 48 postmenopausal women, specifically lower community diversity and altered composition compared with 48 control women from the same population ([@bib17]). This association has been hypothesised to relate to effects of the gut microbiota on both enterohepatic circulation of oestrogens and on oestrogen-independent pathways such as inflammation.

Lymphoma risk could be affected by alteration of the microbial population, given the intimate, bidirectional relationship between microbes and host immune responses. Although the microbiome has not yet been comprehensively assessed, cutaneous B-cell non-Hodgkin lymphoma was associated with seropositivity to *Borrelia burgdorferi*, the agent of Lyme disease, in one of two studies in Scandinavia ([@bib33]; [@bib8]). *Chlamydophila psittaci*, the agent of psittacosis, has been detected by amplification and sequencing in MALT lymphomas in various non-gastrointestinal organs ([@bib3]). In the only epidemiologic study of the microbiome and lymphoma, a small case--control study of twins, 13 survivors of adolescent/young adult Hodgkin lymphoma had significantly lower community diversity in faeces compared with their 13 unaffected co-twin controls ([@bib10]). The lower diversity may support the hypothesis that a 'hygienic environment\' contributes to adolescent/young adult Hodgkin lymphoma, but the difference may also have been a consequence of the malignancy or its treatments.

Conclusions and future perspectives
===================================

There is epidemiologic evidence for associations between the human microbiome and cancer, particularly gastric and colorectal cancer. However, epidemiologic studies of this association have thus far been very limited, typically with small sample sizes and cross-sectional designs with single-time sampling. Although case--control studies can provide initial insights into microbial associations with cancer, reverse causation is of great concern. In a case--control study, it is not possible to determine whether the carcinogenic process changes the local environment and creates a new niche for microbes or whether alterations in the microbial population or its functions contribute to carcinogenesis. New studies that incorporate repeated, prospectively collected oral, faecal, tissue, and other samples will be important to elucidate the temporal nature of microbial associations with cancer.

Future studies should also incorporate the study of fungi, protists, and viruses, in addition to bacteria and archaea, to fully characterise the human microbiome and its relationship with cancer risk. In addition, standardised methods for the collection of samples, preparation and handling of samples, and bioinformatic processing of data are needed and work is ongoing in this area (e.g., [www.mbqc.org](http://www.mbqc.org)). For a review of the technical challenges and especially the critically important design requirements for epidemiologic and translational microbiome studies, see ([@bib15]). Finally, there is a need to explore postulated microbe-mediated carcinogenic mechanisms through transcriptomics, proteomics, metabolomics, and novel immunologic assays.

Microbiome associations with cancer may differ across many host factors, including sex, age, smoking, alcohol consumption, diet, obesity, physical inactivity, and polymorphisms in major human oncogenes. Explicit consideration of these host factors may yield clear stratification of microbiome associations with the various malignancies. Ultimately, across the identified strata, microbiome associations should be translated into practical applications in order to accelerate the diagnosis of cancer or pre-cancer, to increase efficacy and reduce toxicity of cancer therapy ([@bib38]; [@bib20]), and ideally to prevent cancer by interrupting a microbial carcinogenic pathway.
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![**Schema for a human microbiome study.** To conduct a human microbiome study, it is important to develop a well-formulated hypothesis, apply a valid study design, and collect requisite covariate data. Relevant specimens (e.g., oral, faecal, tissue, or other applicable samples) should be collected and promptly frozen or chemically stabilised. Once the DNA is extracted, currently there are two typical methods for sequencing: 16S rRNA gene sequencing (in blue) or shotgun metagenomic sequencing (in red). To date, most epidemiologic-scale studies profile the microbiome by amplifying and sequencing only the prokaryote 16S rRNA gene. Once the 16S rRNA sequencing is completed, the data are often processed using various publically available tools that are used to cluster the sequences into operational taxonomic units (OTUs) and to assign taxonomy using public sequence databases. For shotgun metagenomic sequencing, the DNA is sheared and then all the fragments are sequenced. From this type of data a variety of bioinformatic processing can be conducted, but often the short reads are used to cluster OTUs and assign taxonomy, similar to 16S, but also to determine the functional capabilities of the genes present by mapping the reads to public gene databases. For both 16S rRNA and shotgun metagenomic sequencing, study participants can be compared by alpha diversity (i.e., within participant diversity) and beta diversity (i.e., between participant diversity) metrics. For alpha diversity, conventional statistical methods are often used. Typically, random sampling for a standardised number of OTUs (i.e., rarefaction) is conducted to minimise bias due to amplification or sampling efficiency and then analyses include adjustment for taxa abundances in order to minimise influence of rare taxa. For associations with the entire microbial community, beta diversity analyses are based on a matrix of distances between all pairs of specimens, followed by principle coordinate analysis and higher level statistics.](bjc2015465f1){#fig1}
